Abstract Ongoing global climatic changes and growing demographic pressure have increased demand for agronomic resources and affected the agroecosystem by provoking a number of abiotic stresses that, added to biotic ones, result in physiological and metabolic disorders. Such stresses ultimately impact yield when it most needs to be improved, and understanding and resolving them is a major scientific and agronomic challenge of this century. However, many species are difficult to breed for stress resistance and improved yield for a number of reasons, ranging from a long life cycle (woody species), a reduced genetic background (most self-fertile, cleistogamous legumes) or conversely extensive heterozygosity resulting from an outbreeding nature, and also due to the mainly multigenic origin of such resistances. Biotechnologybased breeding would be an efficient alternative but, for recalcitrant crops, many attempts at in vitro regeneration met with varying degrees of success and often limited to a few genotypes, hampering exploitation of biotechnology approaches. To reduce the risk of undirected somaclonal variations amongst regenerants and transformants, it is better to produce them through somatic embryogenesis that recognises a single-cell origin but whose feasibility is also limited amongst species. There is also a need to fix the resulting genome once a novelty is obtained to ensure efficient heritability of improved traits acquired, which takes several generations in conventional breeding. Acceleration of generations through flowering and fruit set in vitro has been developed in various species including legumes. Haplo-diploidisation in vitro also offers a unique alternative to conventional methods, as it yields novel genetic combinations following doubling of haplotypes and regeneration of fertile plants having gained homozygosity within a single generation. This review will examine the relationships between embryogenesis, stress and its impact on in vitro development of novel genotypes more apt for a sustainable agriculture.
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Keywords In vitro plant regeneration . Somatic embryogenesis . Gene transfer . Abiotic and biotic stress resistance . In vitro selection . Haplo-diploidisation . Genetic determinism . Embryo development . Seed filling . Legumes . Medicago truncatula . Flow cytometry . Endoreduplication . Auxin Table of Contents 1. Introduction: induced stress and embryogenesis in vitro go hand in hand 2. Legumes as a study subject 3. The model legume Medicago truncatula Gaertn 4. Seed development and the parallel with in vitro embryogenesis 5. Typical indicators of somatic embryogenesis in vitro 6. The study of seed (and embryo) filling 6.1 The central role of endoreduplication in the embryogenesis phase 6.2 The phase of morphogenesis 6.3 Auxin in embryo development, seed filling and endoreduplication 7. Functional validation of genes of interest by transformation 8. The link between cell cycle, embryogenesis and seed filling as affected by abiotic stress agents 9. Conclusion 10. References 1 Introduction: induced stress and embryogenesis in vitro go hand in hand Significant modifications have occurred in our planet over the last decades through an ever-increasing demographic pressure which encompassed much larger energy consumption and, in turn, is affecting the global climate (Branca et al. 2013) . Demand for agronomic resources has hence substantially increased when most land apt for agriculture is already exploited and available land left is generally marginal. This has gravely affected the agroecosystem, and farmers are confronted with a number of abiotic stresses that add to those of biotic origin (e.g. pests and diseases), resulting in physiological and metabolic disorders that, ultimately, impact on yield when it most needs to be improved (Cuellar-Ortiz et al. 2008; Voisin et al. 2013; Yu et al. 2014 ). Therefore, understanding and resolving the impact of such stresses on yield is one of the major scientific and agronomic challenges of the twenty-first century.
In this context, a number of biotechnology-based breeding approaches offer alternatives to conventional methods to generate novel genotypes with an enhanced resistance to both biotic and abiotic stresses and coupled with an improved yield Rai et al. 2011; Pérez-Clemente and Gómez-Cadenas 2012; Campanelli et al. 2013) . In many species, applying such approaches to preexisting genotypes for in vitro selection and/or gene transfer would significantly accelerate the breeding process, which would otherwise require a large number of successive generations to fix the novel resistance traits acquired in the genome thereby ensuring their heritability in the progeny. If coupled with the in vitro acceleration of generation cycles and/or with a faster genome fixation through haplo-diploidisation, breeding could be even faster. Care should be taken, though, to avoid regenerating non-true-to-type plants due to non-controlled and spontaneous somaclonal variations, as may arise through the regeneration of plants by organogenesis from calluses or explants instead of via a single-cell origin as in somatic embryogenesis-derived regeneration.
Strategies have been developed for the induction of flowering in vitro in a number of species including legumes such as pea (Ochatt et al. 2002a, b; Ribalta et al. 2014) , grasspea and barrel medic (Ochatt and Sangwan 2010) and lentil and faba bean (Mobini et al. 2014 ). Parallel to this, attempts have been undertaken at genetically manipulating flower induction for an increased precocity via the overexpression of genes such as Terminal Flower 1 (TFL1) gene in Arabidopsis thaliana (Hanano and Goto 2011) , homologous of which have been found in many herbaceous species but also in fruit (Esumi et al. 2005 (Esumi et al. , 2010 Wang and Pijut 2013) and forest tree species (Igasaki et al. 2008; Mohamed et al. 2010) . On the other hand, regenerating haploid plants from unfertilised gametes followed by chromosome doubling of regenerants to yield fertile double-haploid plants would permit to achieve homozygosity in a single generation (Lülsdorf et al. 2011; Pérez-Clemente and Gómez-Cadenas 2012) . However, both pathways for haploid plant production (i.e. androgenesis from microspores and gynogenesis from unfertilised ovules) depend on the possibility to induce such gametes to undergo embryogenesis.
Establishing reproducible and efficient strategies for the regeneration in vitro of fertile and true-to-type plants either issued from haplo-diploidisation as in chickpea ), in vitro selection for stress tolerance (Campanelli et al. 2013; Elmaghrabi et al. 2013 ) as in Medicago, or genetic transformation plus in vitro selection as in common bean (Kwapata et al. 2012) , soybean and other legumes (Dita et al. 2006 ) and avoiding to a maximum the risk of undesired somaclonal variations, is a prerequisite for the exploitation of biotechnology for breeding Pérez-Clemente and Gómez-Cadenas 2012) . However, this process encompasses several hiccups in terms of the induction of embryogenesis in vitro which is quite difficult in the socalled recalcitrant crops due, amongst other reasons, to generalised recalcitrance to regeneration, negative effects on regeneration of phenolic substances, strong genotype dependency, tendency for regeneration of hyperhydric and/or cytogenetically abnormal individuals with recovery of subfertile plants and, generally, an incomplete knowledge on the genetic determinism of the induction of embryogenesis followed by efficient germination of somatic embryos in vitro and subsequent regeneration of viable plants Ikeuchi et al. 2013) .
In recent years, various physico-chemical stress-inducing agents (osmolarity, electroporation, centrifugation, temperature shock treatments, sonication; see below) have been shown to either induce or potentiate the acquisition of regeneration competence via embryogenesis whilst simultaneously decreasing the level of responses and quality of regenerants obtained, that tended to be enfeebled, thereby leading to a paradoxical situation where stress is needed to regenerate somatic embryos capable of converting into plants but it is also detrimental to their growth. Unravelling the mechanisms underlying these enhancing effects has started for some of those agents above and is urgently needed for all of them. This, however, also requires an in-depth knowledge of the whole process of embryo development and of seed filling ( Fig. 1 ) that precedes normal germination and the recovery of intact fertile plants from the embryos in vitro.
Legumes as a study subject
The family Leguminosae, with 650 genera and 18,000 species, is the third largest family of flowering plants and is second only to cereals in agricultural importance and worldwide production (Journet et al. 2001; Garcia et al. 2006) . Members of this family are characterised by their typical flower structure (Fig. 2) , their seed anatomy and their unique ability to fix and utilise atmospheric nitrogen through a symbiotic relationship with rhizobia bacteria (Voisin et al. 2013; Yu et al. 2014 ). This nitrogen fixation process allows legumes to produce proteins in abundance in the absence of supplementary nitrogen fertilisation whereby they can survive even in poor nitrogen conditions (Duc et al. 1997; Hoffmann et al. 1997; Journet et al. 2001; Garcia et al. 2006; Allen et al. 2009; Patrick and Stoddard 2010; Allen and Young 2013; Atif et al. 2013a, b; Yu et al. 2014 ). In addition, rotation with legumes reduces energy consumption and greenhouse gas emissions, and the soil structure is enhanced by an increase in organic matter content and, consequently, an improvement of airwater relations (Branca et al. 2013; Voisin et al. 2013) . In this context, Yu et al. (2014) studied rice rotations including the legume crops, broad bean (Vicia faba L.) and vetch (Astragalus sinicus L.), and clearly showed that returning the legume residues had a very positive influence not only on nitrogen transformation but also on the microenvironment, as it reduced losses due to nitrogen runoff and thereby improved the nitrogen supply capacity and resulted in an enhanced crop production coupled with a lower input of fertilisers. Furthermore, legumes can associate with endomycorrhizaforming fungi to establish symbiotic relationships, resulting in a great impact on plant nutrition through an enhanced water uptake and nutrient intake (Gianinazzi-Pearson 1996; Branca et al. 2013) . In this context, a recent article by Voisin et al. (2013) has shown, using original hypernodulating pea mutants, that the number of nodules in the roots is strongly correlated with various plant parameters that are, themselves, related to the plant's carbon nutrition. On the other hand, Cuellar-Ortiz et al. (2008) have reported that in common bean (Phaseolus vulgaris L.), carbohydrate partitioning is affected by drought, its major yield constraint, and that the modulation of such partitioning towards seed filling at the early stages of pod development was a successful strategy to generate drought-resistant cultivars. The summation of these traits renders the interest in legumes very high, due to their importance in sustainable agriculture (Journet et al. 2001; Dita et al. 2006) , whereby in Europe both species with seeds rich in protein and in oil are cultivated, including peas, soybeans, faba beans, lupins, chickpeas, lentils and Phaseolus beans (e.g. bush beans) as the most important ones, and with legume production in all countries of the European Union (EU) (Fig. 3) . Indeed, regularly adopting legumes in a crop rotation is an important and, given the large diversity existing amongst legume crops, an easily applicable method to reduce application of chemical fertiliser whilst simultaneously also stabilising the grain yields and improving the soil quality, with a big positive impact on the health of the agro-ecosystem (Dita et al. 2006; Branca et al. 2013; Yu et al. 2014 ).
The model legume Medicago truncatula Gaertn
Barrel medic is an annual autogamous diploid (2 n=16) legume species native in the Mediterranean basin, where it occurs in open areas in typical ephemeral populations (Barker et al. 1990; Blondon et al. 1994; Rose 2008) . The pods of M. truncatula are abundantly set in the absence of insect pollination and contain up to 12 seeds, where basal seeds develop faster than distal ones (Journet et al. 2001; Gallardo et al. 2006a, b; Ochatt 2011; Atif et al. 2013a, b) . Mature pods are compact spiky coils, which remain indehiscent (Garcia et al. 2006; Gallardo et al. 2006a, b; Ochatt 2011) . Besides its use as a forage crop, M. truncatula is phylogenetically close to the widely cultivated legumes pea and faba bean (Bataillon and Ronfort 2006) , and closely related to alfalfa, Medicago sativa, which is a tetraploid, outcrossing species with low selffertility (Barker et al. 1990 ). In addition, barrel medic is Fig. 1 The phases of seed development and the corresponding physiological activities (adapted from Borisjuk et al. 2005) suitable for fundamental studies due to its small genome size (500 Mb/1 C), short generation time and transformation and regeneration efficiency, that are rare amongst annual legumes (Barker et al. 1990; Trinh et al. 1998; Rose 2008; Ochatt et al. 2013) . Moreover, interactions of plants with symbionts, i.e. Sinorhizobium meliloti and Glomus spp., pests and pathogens can be investigated (Gallardo et al. 2006a, b; Rose 2008; Parádi et al. 2010; Ochatt 2011) .
Seed development and storage protein accumulation follow a similar pattern as in the major grain legumes, and its use for genomic studies of seed development and for analysis of seed filling in grain legumes is fully adequate (Gallardo et al. 2006a, b; Rose 2008; Ochatt 2011; Atif et al. 2013a, b) . Mature seeds of M. truncatula consist mainly of the embryo and of a persistent endosperm of up to 10 % of the final seed mass, whereas mature seeds of pea or faba bean comprise mainly the embryo (Ochatt 2011; Gallardo et al. 2006a, b; Verdier et al. 2013 ). In addition, the protein content of the seeds of M. truncatula accounts between 35 and 45 % and most carbon is stored in the form of oil with a starch content of a b c d Grain legume production in EU countries Fig. 3 Grain legume production in the EU countries (FAO 2012) less than 1 % (Gallardo et al. 2003 (Gallardo et al. , 2006a Thompson et al. 2009 ), whilst pea or faba bean store starch as the principal form of carbon. Thus, the resemblance to legume oilseeds as soybean is significant (Jones et al. 2010; Allen and Young 2013) , wherefore barrel medic can also serve as a model for soybean or other economically important legume species (Barker et al. 1990; Gallardo et al. 2003; Aghamirzaie et al. 2013 ).
Seed development and the parallel with in vitro embryogenesis
Seed development is an important process, by which quantity and quality of different food reserves within the seed are determined (Gallardo et al. 2003 (Gallardo et al. , 2006a Allen et al. 2009; Jones et al. 2010; Patrick and Stoddard 2010; Aghamirzaie et al. 2013; Allen and Young 2013; Verdier et al. 2013 ). The seeds comprise three distinct components, i.e. the embryo, which gives the daughter plant; the endosperm that transmits nutrients from the maternal tissues to the embryo during embryogenesis and maturation; and the seed coat, which protects the other tissues and modifies and controls the nutrient supply to the embryo Le et al. 2007; Thompson et al. 2009; Ochatt 2011; Atif et al. 2013a, b; Verdier et al. 2013; Abirached-Darmency and Ochatt 2013) . Compared to monocots, the endosperm in most dicots is only transient and successively replaced by the growing embryo, wherefore the final seed size is primarily determined by the cotyledon cell number and size (Abirached-Darmency et al. 2005; Ochatt 2011; Atif et al. 2013a, b; Verdier et al. 2013; Abirached-Darmency and Ochatt 2013) . Amongst legume seeds, seed development after the double fertilisation follows a similar pattern and can be divided into three key phases: cell division, seed filling and the phase of dehydration and acquisition of desiccation tolerance Gallardo et al. 2006a, b; Le et al. 2007; Ochatt 2011; Figs. 1 and 4) characterised by distinct physiological events and activities. Recent studies have shown that the transition between phases in developing seeds is mainly regulated at the transcriptional level in legumes (Le et al. 2007) including soybean (Jones et al. 2010; Aghamirzaie et al. 2013) , faba bean (Patrick and Stoddard 2010) and M. truncatula (Atif 2012; Atif et al. 2013a, b; Noguero et al. 2013; Verdier et al. 2013) .
Embryogenesis, the first phase of seed development, is characterised by the differentiation of the embryo through several distinct stages (globular, heart and torpedo), ending at the cotyledon stage (Gallardo et al. 2003; , which are identical to those observed for somatic embryos (Fig. 5) . During this morphogenesis phase, the embryo grows mainly by cell division, directed by the maternal seed coat, which modifies and controls the nutrient supply to the embryo Gallardo et al. 2006a, b; Ochatt 2011; Abirached-Darmency and Ochatt 2013; Allen and Young 2013; Atif et al. 2013a, b; Verdier et al. 2013; Voisin et al. 2013) . In this regard, this phase is crucial for the final seed size and weight, determined by the number of cotyledonary cells as shown in faba bean (Patrick and Stoddard 2010) and by the maximum size they can reach (Ochatt 2011; Atif et al. 2013a, b; Verdier et al. 2013) . In seeds of the model legume M. truncatula (Fig. 4) , the embryogenesis lasts approximately 12 days after pollination (DAP), whereby the cell division begins to cease from 6 to 8 DAP onwards (Gallardo et al. 2003; Verdier et al. , 2013 Abirached-Darmency et al. 2005; Ochatt 2011; Atif et al. 2013a, b; AbirachedDarmency and Ochatt 2013) . Moreover, the water content of seeds remains continuously high (~90 %) and seeds are unable to germinate or withstand desiccation Gallardo et al. 2006a, b; Ochatt 2011) . On the other hand, Patrick and Stoddard (2010) showed that in faba bean, the expansion of cotyledonary cells haults once the mechanical barriers represented by the seed coat and space inside the cavity of the pod are met. The same phenomenon was also verified in common bean (Cuellar-Ortiz et al. 2008) and in many studies with developing seeds of soybean (Allen and Young 2013 and references therein).
The second phase of seed development corresponds to seed filling and maturation and is characterised by the accumulation of storage proteins, the acquisition of germination ability and desiccation tolerance ( Fig. 4 ; Gallardo et al. 2006a, b; Allen et al. 2009; Ochatt 2011; Allen and Young 2013; Verdier et al. 2013) . During the transition from embryogenesis to this developmental phase (12-14 DAP), cell divisions cease and the embryo develops from a meristem-like tissue into a highly differentiated storage organ Atif et al. 2013a, b) . Furthermore, the transition phase is associated with the gain of photosynthetic activity of the embryo as shown in soybean (Allen et al. 2009 ), the induction of storage-associated gene expression Gallardo et al. 2006a, b) and the onset of endoreduplication (Ochatt 2008 (Ochatt , 2011 Atif et al. 2013a, b) . In terms of legume storage protein accumulation from 14 up to 20 DAP, the major protein classes, i.e. vicilin, legumin and convicilin, accumulate in a sequential fashion, starting with vicilins at 14 DAP, followed by the legumins at 16 DAP and, at 18 DAP, the convicilins (Gallardo et al. 2003 (Gallardo et al. , 2006a . During this accumulation process, the embryonic cells continue growing by enlargement (Ochatt 2011) , the seed dry weight increases and the relative water content decreases (Gallardo et al. 2003; Gallardo et al. 2006a, b; Allen et al. 2009; Jones et al. 2010) . Furthermore, the seeds gain the ability to germinate at approximately 14 DAP and acquire desiccation tolerance 2 to 3 days later (16-19 DAP) (Gallardo et al. 2003 (Gallardo et al. , 2006a Ochatt 2011) . Unlike cereals, the protein content in legume seeds ranges from 20 up to 40 %, whereas the economical and nutritional significant storage compounds consist principally of the legumin (11S) and vicilin (7S) globulin classes (Gallardo et al. 2003; ) that accumulate during the seed filling phase of seed development and are mainly stored in the cotyledonary cells of the embryo (Golombek et al. 2001; Gallardo et al. 2006a Gallardo et al. , b, 2008 Ochatt 2011) . There is, thus, great interest in evaluating the mechanisms that control storage protein accumulation and protein content, and much research effort has aimed at improving seed quality (Golombek et al. 2001; Gallardo et al. 2003 Gallardo et al. , 2006a Le et al. 2007; Jones et al. 2010; Patrick and Stoddard 2010; Allen and Young 2013) .
The dehydration phase of development starts between 20 and 24 DAP and is characterised by a great decrease in water content, during which the seed dry weight remains constant. Moreover, the embryo becomes inactive and may undergo dormancy, and at 36 DAP (Fig. 4) , the development of the M. truncatula seed is finished (Gallardo et al. 2003; Ochatt 2011; Atif et al. 2013a, b) .
During somatic embryogenesis induced in vitro, embryos follow a developmental trend that also takes them from the globular to the heart to the torpedo and finally to the cotyledonary stage, at which somatic embryos are capable of germinating to give a complete viable plant (Fig. 5; Ochatt et al. , 2013 . However, in recalcitrant species, this process tends to stop at two crucial steps, i.e. early on following the formation of somatic embryos at the globular stage and in the transition from the torpedo to the cotyledonary stage, with embryos where (instead of growing, gaining weight and ultimately germinating) the accumulation of storage compounds is arrested and the embryos gradually wither in time with their ultimate death.
Positive effectors of regeneration are described in the literature that, when overexpressed, promote callus formation,
Globular
Heart Torpedo Cotyledonary Embryogenic callus Fig. 5 The sequence of developmental stages from an embryogenic callus to a mature somatic embryo at the cotyledonary stage in M. truncatula somatic embryogenesis or organogenesis (reviewed in Ikeuchi et al. 2013 ). However, reports in multiple species show that the constitutive expression of such effectors is generally not compatible with the eventual recovery of true-to-type fertile adults. Conversely, various physico-chemical (pre-)treatments of donor plants and gametes have been shown to significantly improve the androgenetic responses, particularly in legume crops Ochatt et al. 2009; Lülsdorf et al. 2011; Ochatt 2013a, b) , but also in a range of other species including woody and herbaceous ones (Ochatt 2013a, b) . However, the mechanism(s) through which this elicitation and/or potentiation of the androgenic potential occurs are often still being elucidated.
Typical indicators of somatic embryogenesis in vitro
The study of in situ embryogenesis in plants is complex because the embryo is embedded in the endosperm and covered by ovule tissues that will give rise to the seed integument (Ochatt 2011 ). The embryo is thereby difficult of access and not adapted to dissection of tissues as needed for biochemical studies. Somatic embryogenesis from differentiated organs provides an alternate experimental system for research of the cellular and molecular bases of embryogenesis, the latter being not yet fully well-known (Mordhorst et al. 1997; Gutierrez et al. 2007 ). Transition from the dedifferentiated to the embryogenic status is complex and includes several phases (dedifferentiation, reactivation/cell division) and a large metabolic and developmental reprogramming (Fehér et al. 2003; Le et al. 2007 ). On the other hand, endoreduplication strongly affects all developmental phases (Ochatt 2008 (Ochatt , 2011 , being strongly correlated with the ability to regenerate from protoplasts in pea (Ochatt et al. 2000a, b) , as from cell suspensions and callus in M. truncatula (Elmaghrabi and Ochatt 2006) . It also acts on the number of tissue layers formed during organogenesis (Ochatt 2008; Ochatt et al. 2002a, b) and on the acquisition of tolerance to abiotic stress (Elmaghrabi et al. 2013) in legumes. Other indicators of embryogenic competence (intracellular and medium osmolarity, cell surface, cell wall thickness) have also been identified in cell cultures of legumes ). The expression kinetics of certain genes involved in morphogenesis in vivo with cell cultures was recently examined of A. thaliana, whereby WUSCHEL, SERK1, ZLL, SR1 or STM seemed to play a major role in the acquisition of competence for regeneration in vitro (Duclercq et al. 2011) . In this respect, WUSCHEL was shown to be particularly involved in the very early stages of embryo development, from anthesis to 6 DAP (Zuo et al. 2002 Kurdyukov et al. 2014 , whilst seed-specific expression of AINTEGUMENTA during the later stages of development led to the production of larger seeds of a better germination ability at maturity (Confalonieri et al. 2014) . On the other hand, expression of SERK1, WEE1, PC5S and CCS52 significantly augmented in M. truncatula salt-resistant calli at precisely the NaCl concentration where homeostasis between Na + and K + and, hence, tolerance to salt stress was evident and concomitant with good embryogenic capacity (Elmaghrabi et al. 2013 ). Finally, long-time research on the effects of electroporation on growth and regeneration has demonstrated that electric shocks increase DNA synthesis and improve both traits, although the genetic determinism of its way of action is still to be elucidated (Ochatt 2013a, b) . Thus, SERK1, WEE1 and CCS52, plus WUSCHEL, are likely good candidate genes for unravelling acquisition of regeneration competence in legumes and they are also amongst the genes that would be interesting to study within the context of acquisition of salt tolerance through the transformation of M. truncatula ) and crop legumes. Indeed, the inconvenience of dealing with biotechnology-derived plants may be acceptance by consumers in Europe, but the situation in this respect seems to be changing, as indicated by a number of recent publications (Peng 2011; Christou 2013; Potrykus 2013) , showing that an increasing number of EU countries are adopting policies in line with those applied elsewhere in the world that permit assays of genetically modified organism (GMO) crops and their field culture. In any case, DH or in vitro selected mutants and soma(proto)clonal variants are not amongst the biotechnology-based plants classified as GMOs and remain therefore an appealing alternative for the generation of new, stress-resistant genotypes.
6 The study of seed (and embryo) filling Following the double fecundation in the embryo sac, seed/embryo morphogenesis starts by multiple cell divisions followed by differentiation (Wiese et al. 2004; Rahmani et al. 2009; Verdier et al. 2013; Abirached-Darmency and Ochatt 2013) . This first phase is intimately associated with the synthesis of soluble carbohydrates and of starch (Baud et al. 2002 (Baud et al. , 2005 , whilst during the second developmental phase, of maturation, the dry weight of seeds/embryos increases and all storage products accumulate in the expanding cells (Weber et al. 1998; Gallardo et al. 2006a, b; Ochatt 2011; Atif et al. 2013a, b) . During the last phase, which includes the end of maturation and dehydration, the dry weight of the seeds remains constant, whilst they lose much water and the embryo thus becomes metabolically quiescent (Gutierrez et al. 2007; West and Harada 1993) . The duration of the phase of embryogenesis is hence essential in the determination of the potential of accumulation of storage products by seeds and embryos, through the number of cotyledonary cells that are formed, and of their maximum size (surface and volume) (Munier-Jolain and Ney 1998; Patrick and Stoddard 2010; Atif et al. 2013a, b; Ochatt 2013a, b) . In this respect, the speed of the seed/embryo growth mainly depends on the number of cotyledonary cells formed, which is not very sensitive to the climatic culture conditions for growth during filling (Munier-Jolain and Ney 1998; . Moreover, the differences in size between genotypes with small and large seeds are most often highly correlated with differences of growth speed and thus also with the number of cotyledonary cells they included (Lemontey et al. 2000; Munier-Jolain and Ney 1998; Patrick and Stoddard 2010; Ochatt 2011 Ochatt , 2013a , whereby they are also correlated with the trophic (Gallardo et al. 2006a, b; Ochatt 2011; Atif et al. 2013a, b) and physical (Cuellar-Ortiz et al. 2008; Ochatt 2013a, b) environment of the embryo. The arrest of seed/embryo filling occurs when the resources available for their growth are exhausted (Gallardo et al. 2006a, b; Ochatt 2011) and/or when the maximum seed size is attained (Ochatt 2006 (Ochatt , 2008 (Ochatt , 2013a Patrick and Stoddard 2010; Allen and Young 2013) . Interestingly, this maximum size depends (i) on the number of cotyledonary seeds Ochatt 2013a, b) and (ii) on the maximum cell volume Ochatt and Moessner 2010; Ochatt 2013a, b) , which are both under simultaneous genetic (Lemontey et al. 2000; Ochatt 2013a, b) and environmental (Ochatt 2013a, b; Atif et al. 2013a, b) determinism. With respect to the potential of storage product accumulation, a modification in the availability of assimilates to the growing seed/embryo plays a paramount role, notably with respect to nitrogen (Gallardo et al. 2006a, b; Jones et al. 2010; Allen and Young 2013) and sulphur (Zuber et al. 2010; Ochatt 2011; Rajjou et al. 2012 ).
The central role of endoreduplication in the embryogenesis phase
The embryogenesis phase is crucial for the potential of storage product accumulation through the number of cotyledonary cells that are formed. During transition to the storage product accumulation phase, cotyledonary cells expand and they start to synthesise storage proteins and starch and, most interestingly, undergo endopolyploidisation, as shown for faba bean (Patrick and Stoddard 2010) and M. truncatula (Ochatt 2008 (Ochatt , 2011 . In this respect, the thin-walled parenchyma cells in the seed coat differentiate into transfer cells (AbirachedDarmency et al. 2005) , and the resulting increased plasma membrane area is correlated with an increased nutrient flow to the rapidly growing embryo (Jones et al. 2010; Patrick and Stoddard 2010) . In turn, measurement by flow cytometry of the mitotic index (Ochatt 2008) and of the onset of endoreduplication also becomes essential for the study of embryogenesis (Atif et al. 2013a, b; Ochatt 2006 Ochatt , 2008 Ochatt , 2011 Abirached-Darmency and Ochatt 2013) .
A classical cell cycle comprises of four distinct phases (G1, S, G2, M) and it involves the accurate duplication and segregation of chromosomes, leading to the transmission of the genetic information from one mother cell to two daughter cells (Grafi 1998; Joubès and Chevalier 2000; Doležel et al. 2007; Ochatt 2008; Atif et al. 2013a, b) . In contrast, endoreduplication is a modified cell cycle, characterised by one or several rounds of DNA replication in the absence of mitosis (karyokinesis and cytokinesis). Given that during every round of endocycles the relative nuclear DNA content doubles, the DNA ploidy level increases (Grafi 1998; Joubès and Chevalier 2000; Joubès et al. 1999; Doležel et al. 2007; Ochatt 2008 ), e.g. up to 128 C in M. truncatula (Ochatt 2006 (Ochatt , 2011 Atif et al. 2013a, b) and even higher in pea (Lemontey et al. 2000) .
The G1 phase of the cell cycle is a checkpoint that ensures the availability of adequate material to pursue the cycle to the S phase, a step of accurate replication of DNA (Doležel et al. 2007 ). Once DNA replication has taken place, DNA duplication is controlled during the G2 phase which leads to the final mitosis (M) phase, where the duplicated chromosomes segregate and cell division proceeds (Grafi 1998; Joubès and Chevalier 2000; Ochatt 2008) .
Endoreduplication is the most common mode of polyploidisation in plants, and it has been reported to occur in a wide range of cell and tissue types, including seeds (endosperm and embryo suspensor) ( Doležel et al. 2007 ). The process is still poorly understood (Doležel et al. 2007 ), but it has been shown that plant cells often transit into endocycles at well-defined time points during plant development, thereby indicating a likely developmental regulation (Joubès and Chevalier 2000; Joubès et al. 1999; Ochatt 2008; Ishida et al. 2009 ).
In this context, immature seeds of the model legume M. truncatula undergo endocycles from 8 to 10 DAP onwards, up to 18-20 DAP, and endoreduplication thus becomes a cytogenetic imprint marking the initiation of cell differentiation as well as the onset of the accumulation of storage proteins (Rose 2008; Ochatt 2006 Ochatt , 2008 Ochatt , 2011 Atif et al. 2013a, b; Wirsich et al. 2013; Abirached-Darmency and Ochatt 2013) . Furthermore, cell volume within a range of tissues from different species has also been correlated with the extent of nuclear endoreduplication (Lemontey et al. 2000; Hao et al. 2002; Ochatt 2008) , so it might provide a mechanism whereby cells increase the availability of DNA template combined with a greater level of gene expression (Grafi 1998; Joubès and Chevalier 2000; Ishida et al. 2009; Atif et al. 2013a, b; Abirached-Darmency and Ochatt 2013) . Controlling endoreduplication is hence of great interest, particularly in plants with a small genome, as this alternative to a normal cell cycle is a means of increasing genetic and metabolic capacities (Ochatt 2008) . Regarding the control of the switch from mitotic cycles to endocycles, diverse components are involved, including molecular factors such as cyclindependent kinases (CDKs), which are involved in the progression of mitotic cycles, or phytohormones, e.g. auxins (Joubès and Chevalier 2000; Joubès et al. 1999; Ishida et al. 2009; Atif et al. 2013a, b; Wirsich et al. 2013 ), but their respective roles are as yet not well defined.
In terms of seed development, the number of cotyledonary cells formed by a developing seed depends on:
& The mitotic activity: Under the effect of the maternal environment (Lemontey et al. 2000; Gutierrez et al. 2007; Ochatt 2011) , it needs the study within the embryo of (i) the relationship between the composition of the apoplastic liquid and the mitotic activity whilst also taking into consideration the genetic variability (Gutierrez et al. 2007; Ochatt 2013a, b) ; (ii) the relationship between the composition of the apoplastic liquid and the composition of the sap flow reaching the pods; and (iii) the direct effect of the physical environment on the mitotic activity (Ochatt 2008 (Ochatt , 2011 (Ochatt , 2013a Jones et al. 2010; Allen and Young 2013) and its interactions with both the composition of the apoplastic liquid and of the embryo's genome (Atif et al. 2013a, b; Gallardo et al. 2006a, b; Ochatt 2008 Ochatt , 2011 Wirsich et al. 2013) . & The duration of embryogenesis: This is also under the control of the embryo's genome (Gutierrez et al. 2007; Lemontey et al. 2000; Ochatt 2011 ), but the effects of its interaction with the environment are not yet well known. This is also the reason why assessing the onset of endoreduplication is a key endeavour (Doležel et al. 2007; Ochatt 2008 Ochatt , 2011 Atif et al. 2013a, b; Wirsich et al. 2013) . In this context, the physiological meaning of endoreduplication has remained speculative for a number of years, but the results with several species, including both model species and crops, have shown that endoreduplication is a phenomenon which is tightly associated with different stages of development within the plant (Nagl et al. 1983; Gendreau et al. 1998; Doležel et al. 2007; Ochatt 2008 ) including storage product accumulation in seeds and their subsequent germination (Atif et al. 2013a, b; Ochatt 2011; Wirsich et al. 2013 ). Thus, cell size, which is a major determinant of the final organ size, is strongly correlated with the nucleus size in the pea seed and embryo (Lemontey et al. 2000; Patrick and Stoddard 2010; Ochatt 2011; Ochatt 2013a, b) .
The phase of morphogenesis
In recent years, we have developed a strategy for seed and embryo filling in vitro comparable to that observed in planta (Gallardo et al. 2006a, b) , which has proven useful for the study of a range of substances, from minerals (Gallardo et al. 2006a, b) to phytohormones (Ochatt 2011; Atif et al. 2013a, b; Wirsich et al. 2013) , during the phases of growth (embryogenesis) and also of filling of both excised embryos and complete seeds, and coupled with the assessment of the contribution of the maternal tissues to those supplies (Ochatt 2011; Abirached-Darmency and Ochatt 2013) . Moreover, this same strategy is being used to comparatively study normal (Atif et al. 2013a, b) and transgenic (Wirsich et al. 2013) or TILLING mutants (Le Signor et al. 2009 ) with different levels of expression of several genes involved in the development of seeds and embryos.
The maximum cell volume is an intrinsic limitation to the organ's storage product accumulation (Ochatt 2011 (Ochatt , 2013a Ochatt and Moessner 2010; , with a strong incidence on the yield but also on the protein composition of the seed (Patrick and Stoddard 2010) , as those protein fractions that accumulate the latest (Gallardo et al. 2006a (Gallardo et al. , b, 2008 Le et al. 2007 ) may be penalised. In vitro approaches are an ideal tool for the study of the composition of the apoplastic liquid and the mitotic activity within the embryo, as they permit to vary the composition of the culture medium at will in order to reproduce that existing in vivo, but also enlarging it whilst retaining full control of the trophic and physical balances between metabolites (Atif et al. 2013a, b; Gallardo et al. 2006a, b; Ochatt 2011; Wirsich et al. 2013) . Such approaches also permit to explore the part of control of the embryo genotype versus that of the maternal environment and to study the fundamental physiological mechanisms underlying the onset of embryogenesis (Atif et al. 2013a, b; Gallardo et al. 2006a, b; Ochatt 2011; AbirachedDarmency and Ochatt 2013) , as related to variations in the hormonal balance of the medium (Atif et al. 2013a, b; Gallardo et al. 2006a, b; Ochatt 2011; Wirsich et al. 2013 ), but also through the kinetic study of flowering and fruiting induced in vitro (Atif et al. 2013a, b; Gallardo et al. 2006a, b; Ochatt 2011; Sangwan 2008, 2010; Ribalta et al. 2014; Mobini et al. 2014) , followed by that of morphogenesis of the produced seeds (Atif et al. 2013a, b; Gallardo et al. 2006a, b; Ochatt 2011) .
Against this background, we have studied the effect of the nutritional environment in vitro on the filling of excised immature embryos and immature seeds of pea and of M. truncatula. With the latter, we have examined media with different nitrogen contents, followed by their characterisation in terms of storage protein accumulation during growth (Gallardo et al. 2006a, b) . Thus, with exogenous nitrogen added to the medium at the standard, normal concentration (Nn) or at a high one (Nh), both immature seeds and embryos develop and synthesise storage proteins as they would have done in planta, whereas in the absence or deficiency of nitrogen (Nd), the development of immature embryos is arrested, whilst in seeds, there is a remobilisation of the endogenous nitrogen from the surrounding tissues during the early stage of embryo development (Gallardo et al. 2006a, b) . Further studies assessed the responses of immature seeds and embryos at the same developmental stages on media where comparable concentrations of nitrogen (i.e. Nd, Nn, Nh, plus an even higher one Nh + ) were coupled with similarly varying contents in sulphur (Sd, Sn, Sh, Sh + ), whereby the results observed in treatments with Nd and Nn were confirmed, whilst an increased nitrogen content in the medium (Nh) perturbed mitoses, and the highest nitrogen level Nh + resulted in a complete arrest of cell divisions. In addition, under a Nn/Sd regime, the synthesis of a protein of a molecular weight similar to that of albumin 2S was reduced, whilst it increased in a Nn/Sh situation, as also observed for chain β legumins and shown in Fig. 6 (Ochatt 2011 ). These observations were also confirmed in immature seeds and embryos of pea (unpublished data), and the nitrogen and carbon supply are known to alter the flux of metabolites in developing seeds of soybean (Allen and Young 2013) , common bean (Cuellar-Ortiz et al. 2008) and faba bean (Patrick and Stoddard 2010) , too.
Auxin in embryo development, seed filling and endoreduplication
Auxin is a phytohormone that is implicated in nearly every aspect of plant growth and development (Hooykaas et al. 1999; Woodward and Bartel 2005; Ochatt 2011; Forestan et al. 2012; Atif et al. 2013a, b) . In this respect, it acts always in concert with other growth regulators and plays a key role in processes such as tropic responses (Abel and Theologis 1996; Hooykaas et al. 1999; Woodward and Bartel 2005; Forestan et al. 2010 Forestan et al. , 2012 Hayashi 2012) , cell division and elongation (Lur and Setter 1993; Abel and Theologis 1996; Hooykaas et al. 1999; Hayashi 2012; Atif et al. 2013a, b) , apical dominance (Abel and Theologis 1996; Hayashi 2012; Forestan et al. 2012) , fruit ripening and bud formation (Hooykaas et al. 1999; Forestan et al. 2012 ). The hormone is always distributed differentially within the plant tissues and elicits different cellular responses depending on its concentration (Hooykaas et al. 1999; Ishida et al. 2009; Vanneste and Friml 2009; Forestan et al. 2010 ). These concentration gradients are established and maintained by de novo biosynthesis, deconjugation and intercellular transport in the tissues and can be reduced through conjugation or degradation of the molecules (Hooykaas et al. 1999; Woodward and Bartel 2005; Ishida et al. 2009; Vanneste and Friml 2009; Hayashi 2012) .
In general, the synthesis of hormones in plants is not restricted to a particular, specialised tissue, but auxin is primarily produced in shoot apical regions, young leaves and developing leaf primordia (Woodward and Bartel 2005; Vanneste and Friml 2009) , through a tryptophan (Trp)-independent or several Trp-dependent pathways for the synthesis of indole-3-acetic acid (IAA) (Hooykaas et al. 1999; Woodward and Bartel 2005; Ishida et al. 2009; Vanneste and Friml 2009 ). Whilst it is still imprecise which pathway the plant uses during specific physiological processes or why, it is known that the synthesis of Trp and its conversion to IAA are not simultaneous (Hooykaas et al. 1999) . Mutation studies in Zea mays and A. thaliana have shown that plants can switch from the Trp-independent to the Trp-dependent pathway when more IAA is needed, e.g. during stress (Woodward and Bartel 2005) .
Within the cell, auxin exerts its physiological effects through transcriptional regulation, whereas the spatiotemporal presence of auxin in varying concentrations is responsible for gene regulation (Abel and Theologis 1996; Ishida et al. 2009; Vanneste and Friml 2009; Hayashi 2012; Atif et al. 2013a, b) . In this regard, the influence of auxin in modulating the switch from mitotic cycles to endocycles has already been demonstrated (Li et al. 2005; Elmaghrabi and Ochatt 2006; Larson-Rabin et al. 2009; Lee et al. 2010) . As referred to seed development, auxin was recently shown to have a strong impact on the onset but also on the duration of endoreduplication in developing seeds of M. truncatula, and it was also shown that this depended both on the developmental stage at the time of hormonal treatment and on the type of auxin used (Atif et al. 2013a, b; Wirsich et al. 2013 ). More precisely, these authors showed a possible role of auxin in prolonging endoreduplication whilst favouring sustained cell division. Conversely, in a previous study, high auxin levels had been shown to inhibit and delay endocycles in root meristems of A. thaliana, whilst the cells entered endoreduplication in low auxin conditions (Larson-Rabin et al. 2009 ). Taken together, these results indicate that auxin would be involved in Fig. 6 Electrophoresis of storage proteins from immature seeds of M. truncatula at 14 DAP (days after pollination) and cultured in vitro for 6 days on media with variable sulphur contents downregulating the CDKs at the transition from the G2 to the M phase of the cell cycle, thereby resulting in the skip of mitoses whilst still permitting DNA replication (Ishida et al. 2009 ). As a consequence, the entry and exit from endoreduplication might be linked processes where auxin signalling plays a major role (Ishida et al. 2009; Forestan et al. 2010; Atif et al. 2013a, b; Wirsich et al. 2013) .
Thus, parallel to the study on the effects on seed development and filling of the mineral composition of the medium, we also analysed the effects of several phytohormones. Thus, we first examined the effects of abscisic acid (ABA), coupled with the in situ characterisation of formed tissues, the determination of their mitotic index and also the immunolocalisation of several storage protein fractions and of ABA (Ochatt 2011) . Adding ABA to the culture medium at the transition stage between embryo morphogenesis and seed maturation showed that seed development does not in fact consist of a succession of fixed and distinct phases but is more a continuous progression of events instead. Thus, cell divisions and endoreduplication coexist and the accumulation of storage products starts from the onset of a slowdown of cell divisions, which is parallel to a decrease of protein accumulation in the absence of ABA but can be restored by adding exogenous ABA. In separate experiments, exogenous gibberellin (GA) increased the mitotic index and provoked a longer duration of the cell division phase, concomitant with the disappearance of the endoreduplication peaks and associated with a belated start of the storage product accumulation phase. In addition, GA+ ABA mixtures countered the effect of ABA, with seeds and embryos recovering a normal germination capacity, but starting to germinate earlier and to accumulate storage products later (Ochatt 2011 ). More recently, during studies on the effects of auxins, immature M. truncatula seeds at 8 to 12 DAP saw their fresh weight and surface area increase significantly in the presence of IBA and even more of NAA and coupled with a pursuit of cell divisions and prolonged endoreduplicated cycles (Atif et al. 2013a, b) . The next step will be to assess the effects of cytokinins. Most recently, when analysing separately the different tissues in the immature seed, it was possible to show that the strongest endoreduplication occurs in the seed coats, whilst the embryo tissues remain mostly diploid and show negligible or no endoreduplication at all throughout the whole duration of the embryogenesis phase (Abirached-Darmency and Ochatt 2013).
7 Functional validation of genes of interest by transformation Le Signor et al. (2009) produced a large population of TILLING mutant in M. truncatula which, amongst many others, included several knock-out mutants of the gene DOF1147, which are incapable of producing seeds reaching maturity. Profiting of the availability of reliable methods for the genetic transformation of M. truncatula (Trinh et al. 1998; Atif 2012; Ochatt et al. 2013 ), a 35S::Dof1147-gfp transformed line exhibiting a strong GFP expression was generated, aimed at validating the involvement of the gene DOF1147 in the seed filling process through its overexpression (Atif 2012) . Then, assessments using the strategy for in vitro embryo development and seed filling above (Gallardo et al. 2006a, b; Ochatt 2011) were extended by Wirsich et al. (2013) to this transformants. In this regard, the transcription factor DOF1147 has been identified to be involved in embryo development and seed filling in wild-type seeds of the model legume M. truncatula, whereby the transcript expression starts at the transition from the cell division to the storage protein accumulation phase during seed development and reaches its peak at the mid-seed filling stage Atif 2012; Noguero et al. 2013) . Moreover, as already evoked above, this transition phase is known to be indicated by the switch from mitotic cycles to endocycles which is, in turn, modulated by auxin. Therefore, seeds of a wild-type genotype of the model legume M. truncatula and of transformants overexpressing the gene DOF1147 were harvested at different development stages and cultured on different auxincontaining media. The in vitro development, DNA content, seed surface area and fresh weight of the immature seeds were studied. The results obtained validated the role of this transgene, through an increased production of seeds of a bigger size by the transformants and associated with a better response to auxins. In this respect, transformed seeds exhibited an earlier onset of endoreduplication and maintenance of endocycles for a longer time than the wild-type seeds, irrespective of the presence or absence of exogenous auxin in the culture medium, and their response to auxins was significantly higher than that of the wild-type seeds (Wirsich et al. 2013) . At this stage, and through the summation of results obtained in recent years with M. truncatula, it can be proposed that the embryo development and seed filling processes in this species are affected by a number of factors as schematized in Fig. 7 .
The study of embryogenesis in situ in plants is complicated by the fact that the embryo bathes in the endosperm and is covered by tissues from the ovule that will generate the seed coat (Ochatt 2011; Abirached-Darmency and Ochatt 2013) , whereby they are difficult to access and not really adapted to tissue dissection as would be required for biochemical studies for instance. Conversely, somatic embryogenesis from differentiated organs furnishes an alternative experimental system for the in-depth research of the cellular and molecular determinism and control of embryogenesis, the latter being not yet completely understood (Gutierrez et al. 2007; Mordhorst et al. 1997) . In this respect, the transition from the dedifferentiated status to the embryogenic one is complex and includes a number of phases (dedifferentiation, cell reactivation, cell division) and a severe metabolic and developmental reprogramming (Fehér et al. 2003) . On the other hand, as already discussed above, endoreduplication has a strong effect on all phases of development, including amongst others on the capacity to regenerate plants from protoplasts in pea (Ochatt et al. 2000a, b) or from undifferentiated tissues in M. truncatula (Elmaghrabi and Ochatt 2006; Ochatt 2008) , and also on the number of tissue layers formed during organogenesis in vitro in various protein legumes (Ochatt et al. 2002a (Ochatt et al. , b, 2007 . Other early markers of the acquisition of embryogenesis competence identified in legume cell suspension cultures include the intracellular and medium osmolarity, the cell surface and cell wall thickness ).
8 The link between cell cycle, embryogenesis and seed filling as affected by abiotic stress agents Over the years, a series of different physical abiotic factors has been shown to have an impact on the acquisition of competence for in vitro regeneration from cultured protoplasts, cells, tissues and organs, and several of these factors have been studied in detail aimed at understanding the physiological mechanism(s) underlying such effect. Amongst them are electroporation (Rech et al. 1987 (Rech et al. , 1988 Ochatt 2013a, b) , heat and cold shocks (Lülsdorf et al. 2011) , osmotic stresses (Lionneton et al. 2000; Delaitre et al. 2001; Germanà 2006; , centrifugation ) and sonication (Ribalta et al. 2012; Teixeira da Silva and Dobránszki 2014) .
Electroporation effects on inducing regeneration competence from hitherto non-(or low) regenerating cells, tissues and organs have made the object of a very recent review (Ochatt 2013a, b) and will thus not be discussed herein.
Osmotic stresses have been frequently used for the induction of androgenesis from isolated microspores and for a number of species (Touraev et al. 1997; Lionneton et al. 2000; Ochatt et al. 2009; Ribalta et al. 2012) , whilst temperature stress as either heat or cold has also been reported to improve or sometimes even induce androgenesis, gynogenesis and, more generally, embryogenesis from a number of cells and tissues (Lülsdorf et al. 2011) . Finally, centrifugation and sonication (Rokhina et al. 2009; Wei et al. 2012 ; Teixeira da Silva and Dobránszki 2014) have also reportedly improved the embryogenesis and organogenesis competence of in vitro cultured tissues. Thus, Finer (1997, 1998) were amongst the first to use sonication in biotechnology within the context of Agrobacterium-mediated transformation, aimed at facilitating entry of the bacteria into the co-cultured tissues to increase transgenesis efficiency, and this has since become routine in transformation experiments. In addition, sonication also proved useful to foster embryogenesis from isolated microspores (Ribalta et al. 2012) and to increase regeneration in a range of tissues of various species (Teixeira da Silva and Dobránszki 2014), which was partly attributed to the effect of sonication on their cell cycle (Wang et al. 2003a ) and hormonal status (Wang et al. 2003b (Wang et al. , 2009 .
In recent studies carried out in order to induce salt stress tolerance to M. truncatula, calluses were cultured in the presence of increasing concentrations of NaCl and included, amongst parameters measured as fresh and dry weight, tissue osmolarity, and the concentration of total soluble sugars and proline content, the cell cycle status and the expression of various target genes were also analysed by Elmaghrabi et al. (2013) . Then, homeostasis between Na + and K + occurred at 100-150 mM NaCl, which is significant as this is also a level at which somatic embryogenesis from the tolerant calluses was not only unaffected but even favoured. Moreover, the Fig. 7 Growth curve of an embryo with the three developmental phases up to seed filling and maturation and in medallion the corresponding flow cytometry profiles at each stage plus, in abscissa, in red factors that are negative and in green positive ones. The effect of using a transformant line with Dof1147 as a promoter or with 35S promoter as related to the effect of auxin on endoreduplication (Wirsich et al. 2013 ) is also indicated expression of several genes involved in the control of growth and development (WEE1), somatic embryogenesis (SERK), proline synthesis (P5CS), salt tolerance (SOS1) and also of cell cycle and ploidy level (WEE1 and CCS52) was significantly higher at this NaCl concentration. Interestingly also, over-regulation of the expression of WEE1 by a salt stress (Elmaghrabi et al. 2013) had not been reported before. Taken together, these results showed the crucial role of several genes for the control of embryogenesis as linked to stress (Mordhorst et al. 1997; Lotan et al. 1998; Stone et al. 2001; Henderson et al. 2004; Li et al. 2005; Gaj et al. 2005; Gutierrez et al. 2007 ), and in turn, such genes become good candidate genes as regulators and coordinators of the successive phases of embryo morphogenesis and seed filling.
With respect to WEE1, its expression is associated with endoreduplication (Nagl et al. 1983; Doležel et al. 2007; Ochatt 2008 ) observed in tomato fruits (Gonzalez et al. 2004 (Gonzalez et al. , 2007 , in maize endosperm (Sun et al. 1999 ) and, as evoked before, in developing embryos and seeds of M. truncatula (Ochatt 2008 (Ochatt , 2011 Atif et al. 2013a, b; Wirsich et al. 2013 ) and other legumes (Ochatt 2011) . It is also of interest in this context that endoreduplication has been associated in the past with abiotic stress in Arabidopsis (Skirycz et al. 2011) . WEE1 is a negative regulator of cell division and is strongly expressed during DNA replication phase as well as at the checkpoints of DNA damage during the cell cycle (De Schutter et al. 2007; de Lorenzo et al. 2009 ), but its role in other kinds of stress had seldom been studied until Elmaghrabi et al. (2013) showed its overexpression under the effect of NaCl stress. WEE1 inhibits the activity of kinase protein complexes that regulate the cell cycle, including the CDK, via the phosphorylation of tyrosine 15 (Shimotohno and Umeda 2007) . In A. thaliana, maximum WEE1 expression is observed in rapidly proliferating tissues (Sorrell et al. 2002) . Contrasting this, overexpression of the tomato homolog Solly;WEE1 in tobacco cells delayed mitoses (Gutierrez et al. 2007 ) and using a strong promoter to overexpress Arath;WEE1 affected root growth and blocked cells in the G2 phase of mitosis (de Lorenzo et al. 2009 ). Likewise, WEE1 overexpression repressed growth and development in A. thaliana (Spadafora et al. 2012a, b) , with cells in the root meristems of transformants exhibiting a delayed time of division which resulted in shorter and less ramified roots.
The exploration of the close environment of soil by roots aimed at optimising their growth operates through a complex of cascade signal that has been studied in great detail in chez A. thaliana, where several Receptor-Like Kinases (RLKs) present in the cell surface play a paramount role in the detection of external signals regulating gene expression (Lease et al. 1998) . Also in A. thaliana, the gene SOS1 (Salt Overly Sensitive 1) codes for a membrane-specific Na + /H + antiporter (Shi et al. 2002) , regulated by SOS2 and SOS3, and the sos1 mutants were hypersensitive to NaCl (Qiu et al. 1999) , whilst mutant complementation via the constitutive expression of SOS1 restored their tolerance to salt (Ishitani et al. 2000) . Conversely, due to their ability to establish symbiotic interactions, legume roots exhibit important physiological differences compared with those of other species. Thus, in the roots of M. truncatula, a leucine-rich RLK gene, Srlk, which is rapidly induced by a salt stress has been identified and it was shown that Srlk RNAi mutants produced transgenic roots whose growth was less inhibited by the presence of salts in the medium (Dalmais et al. 2008) . Moreover, even if these authors could not identify the SOS1 homolog in M. truncatula, they showed with GUS fusions that the gene was expressed in the root epidermis as a response to stress. We have also recently shown an overexpression of SOS1 in tolerant tissues of M. truncatula cultured in the presence of 100-150 mM NaCl (Elmaghrabi et al. 2013) .
As far as CCS52 (cell cycle switch) gene is concerned, in Arabidopsis, this is a key marker gene of endoreduplication (Larson-Rabin et al. 2009 ), whose overexpression in M. sativa by differentiating cells undergoing endoreduplication was partially reversed in transgenic plants overexpressing CCS52 in antisense orientation (Cebolla et al. 1999 ). This has also highlighted the effect of CCS52 on endopolyploidy and cell size in transgenic M. truncatula, suggesting that the product of ccs52 could modify the status of proliferating cells towards differentiation programmes, with endoreduplication provoking a larger cell size, as also shown elsewhere (Doležel et al. 2007; Ochatt 2008; Atif et al. 2013a, b; Elmaghrabi et al. 2013) . In our studies on in vitro selection for salt tolerance in M. truncatula, CCS52 was one of the genes that was overexpressed in calli subjected to 100-150 mM NaCl and was coupled with the onset of endoreduplication, preceding the acquisition of tolerance to water and ionic stress provoked by Na + and of embryogenic competence (Elmaghrabi et al. 2013) .
Conclusion
The constant increase in the world's population results in an ever-growing demand for food and feed and is faced with the fact that the area of crop cultivation remains constant or even is reduced when the same increased population generates a number of stresses that affect both the soil and the plants growing on it (Branca et al. 2013 , http://www.ucsusa.org/ food_and_agriculture/our-failing-food-system/geneticengineering/biotechnology-and-the-world.html). As a result, even if developed countries do not suffer much of it as yet, nearly one billion people do not get enough to eat and more than 700 million are chronically malnourished in low-income food-deficit countries, and this situation will worsen unless the global food supply is ensured. Under such circumstances, there is an urgent need for fundamental changes to the global food-producing system in order to be able to feed the expanding population and the paramount research challenge of the twenty-first century will be to balance population increase and food supply. Against this background, crop improvement will be indispensable to fulfil these requirements, and biotechnology-based breeding approaches are prone to becoming major players in the achievement of that aim. This will be particularly important for the control and modulation of the impact on yield of stresses induced by biotic and abiotic agents.
Biotechnological tools may play a major role in the rapid generation of genetic novelties with improved tolerance/ resistance to various agents of stress, both biotic and abiotic, and hence ameliorating and speeding up the acquisition of such agronomical traits that will help in the maintenance of a more sustainable agriculture. Likewise, they will greatly contribute to the better understanding of the genetic, physiological and environmental mechanism(s) responsible for an acceptable yield, even under stressful conditions. This article has discussed the importance of an efficient development of immature embryos and the subsequent seed filling in legumes and has also addressed the link between these processes in vivo and in vitro, notably aiming at sidestepping the barriers for the recovery of fertile plants from somatic embryos induced in vitro. The development and exploitation of biotechnological breeding has already started for a number of crops and it can only gain pace once the still existing difficulties for plant regeneration of the so-called recalcitrant genotypes, including legume crops, are also unravelled.
